This article investigates the failure of ultra-high molecular weight polyethylene Dyneema Õ SK76 single fibers widely used in protective armor applications. Indenter geometry and the associated stress concentration are known to have a significant effect on the average axial tensile failure strain of Dyneema Õ SK76 fibers subjected to quasi-static transverse loading experiments by three indenter geometries. In this study, a 3D finite element model is developed to predict the degree of multiaxial loading at the location of fiber failure in these experiments. A failure criterion based on maximum axial tensile strain considering the statistical strength distribution and multiaxial loading (transverse compression and transverse shear) induced degradation effects is applied to predict the fiber failure. The influence of transverse compression on the tensile strength of single fibers is experimentally determined. The average failure strains predicted by the model are found to agree well with the experimental results indicating fiber failure may be initiated based on a gage length dependent maximum axial tensile strain in the fiber.
Introduction
This article investigates the failure of ultra-high molecular weight polyethylene (UHMWPE) Dyneema Õ SK76 single fibers under multaxial loading conditions using a 3D finite element (FE) model with an inelastic constitutive fiber behavior. A failure criterion developed in Sockalingam et al. 1 based on the analyses of multiaxial loading onto Kevlar KM2 fiber is applied to predict fiber failure. The failure criterion considers gage length dependence and the effect of axial compression (AC), transverse compression (TC), and transverse shear (TS) deformation on the tensile failure strain.
High performance polymer fibers such as Kevlar Õ KM2, Spectra Õ and Dyneema Õ are widely used in soldier protection applications [2] [3] [4] in the form of flexible textile woven fabrics and unidirectional cross-ply laminates. Ballistic impact onto these fiber-based armor systems induces complex high strain rate (HSR) deformation mechanisms. [5] [6] [7] The deformation modes includes axial tension, axial compression, transverse compression and transverse shear. Predicting ballistic impact performance of these armor systems requires an understanding of the failure of the fibers under complex multiaxial loading conditions. Axial tensile fiber properties are important to predict the ballistic performance. 8 However, experimental studies have shown a reduction in the tensile strain to failure due to axial compression and transverse compression 1, 9 imposed on the fibers.
This article aims to assess whether the failure criterion developed for Kevlar KM2 fiber 1 may be applied for Dyneema Õ SK76 fiber. The effect of TC on tensile failure of Dyneema fibers is experimentally determined by employing a previously developed HSR transverse compression experimental methodology. 10 The implications of failure during impact is also discussed.
Multiaxial transverse loading and failure
The projectile geometry, among other factors, plays an important role in governing the impact response and failure of the yarns 11 and fabrics. Hudspeth et al. 12 experimentally studied the single fiber multiaxial transverse loading (schematic shown in Figure 1 (a)) using three different projectile geometries, namely a round indenter of diameter 3.8 mm, a modified 0.30 cal fragment-simulating projectile (FSP) (chamfer angle 55 , corner radius $ 20 mm), and a razor blade with a radius of curvature of 2 mm, as shown in Figure 1 (b). They reported that average fiber failure strain depends on the projectile geometry and the angle at which the fibers fail, fail , under transverse loading. Different levels of multiaxial loading were tested by varying the start angles start . A summary of the average axial tensile failure strain (defined as " 3,avg ¼
with an L start of 550 mm) for Dyneema Õ SK76 fiber is shown in Figure 1 (c) for each projectile. As a point of reference, the uniaxial tensile strain to failure for a gage length of 550 mm reported in Hudspeth et al. 12 is 3.54%. For the round projectile, no reduction in failure strain is measured compared with longitudinal tensile failure strain. For the FSP projectile, the failure strains are observed to decrease with increasing loading angle with a maximum reduction of 33%. In the case of razor projectile, the failure strain reduced by 67% compared with the longitudinal tensile strain of 3.54%, but insensitive to the failure angle. The authors hypothesized that these reductions were due to multiaxial loading and local stress concentration induced by the projectile. For both FSP and razor projectiles, fiber failure is under the projectile-fiber contact. The transverse loading experiment (Figure 1(a) ) induces multiaxial stress states and strain concentration in the fiber under the indenter-fiber contact zone as confirmed by models developed for Kevlar KM2 fiber. 1 The multiaxial stress states include axial tension, axial compression, transverse compression and transverse shear (13 plane) . Here, material coordinate directions 1 and 2 represent the fiber cross section, direction 3 is along the fiber axis. The individual deformation modes (AC, TC and TS) are found to degrade the tensile failure strain of Kevlar KM2 fiber 1, 13 due to fibrillation (splitting of fiber) damage. Similar to Kevlar, UHMWPE Dyneema Õ SK76 fibers have a complex fibrillar structure 14 composed of nanoscale fibrils with inter-fibrillar interactions. Dyneema Õ SK76 fibers also exhibit reduction in the axial tensile strength due to torsional shear 15 and due to TC, as discussed later in the section on transverse compression, axial compression and transverse shear effects
Failure criterion
The failure criterion developed based in Sockalingam et al. 1 is given in equation (1) .
where
where " 3,max is the maximum axial tensile strain predicted by the FE model; " 3,fail is the axial tensile failure strain, which is a function of the failure strain based on the Weibull model at a gage length equal to contact length (L c ) over which strain concentration occurs; and (1 À ACr), (1 À TCr), and (1 À TSr) are the reduction factors in the respective individual deformation modes based on the maximum levels of loading in the history. The strain concentration factor (SCF) is defined as maximum axial tensile strain divided by global average strain, " 3,avg . ACr, TCr, and TSr are the degradation percentages in the respective individual deformation modes.
Gage length effects
Hudspeth et al. 15 quantify slight gage length sensitivity for Dyneema Õ SK76 single fiber tensile strength by testing 5 mm, 10 mm and 100 mm gage lengths. The study by Sanborn et al. 16 also reports similar gage length effects for 5 mm, 10 mm and 50 mm. The strain concentration for FSP and razor geometries occurs over a contact length in the range of 4 to 20 mm 1 and is also discussed later in the section 'Modeling multiaxial transverse loading'. This necessitates the need for fiber failure strain (strength) at the micron-scale to predict failure. It is experimentally difficult to determine the failure strain at these micron-scale gage lengths. Therefore, a weakest-link Weibull model 17 (see equation (2)) is used to extrapolate the average failure strain at different gage lengths. The average failure strain at a given gage length at 50% probability of failure is given by equation (3) . Equation (3) is derived from equation (2) by setting P ¼ 0.5 and solving for ".
where L 0 is the reference gage length at which the scale " 0 ¼ 0:0405 and shape parameters m ¼ 13 are determined from the data in 16 and P ", L ð Þ is the cumulative probability of failure of a gage length L at a strain level ". Figure 2 shows Weibull scaling using a reference gage length L 0 ¼ 10 mm and equations (2) and (3). At 20 mm and 4 mm gage lengths, the extrapolated failure strains at 50% probability of failure are 6.33% and 7.17% Figure 2 . Gage length-dependent axial tensile failure strain for Dyneema Õ SK76 UHMWPE fiber.
respectively. Figure 2 also shows the gage length dependent axial tensile failure strain on log-log-scale at 1% and 99% probability of failure, extrapolated from the Weibull model. The tensile failure strain of a perfect polyethylene crystal chain calculated from molecular dynamics is about 10%, 18, 19 which may be the intrinsic failure strain of the material.
Transverse compression, axial compression and transverse shear effects
The effect of TC on residual tensile failure strain is studied by compressing single fibers in an HSR experimental setup under plane strain conditions. The HSR experimental set up involves compressing a single fiber in a unique smaller diameter Kolsky bar setup, as shown in the schematic in Figure 3(a) . The steel incident and transmitted bar diameters are 3.175 mm and 0.283 mm respectively. A semiconductor strain gage on the incident bar is used to record the input pulse.
Optical instrumentation using a normal displacement interferometer (NDI) is used at the free end of the transmitted bar to record the particle velocity. 20 The compressive load per unit length (f ) and displacement (u) of the fiber are measured in real time. Compressed width (2w) and original fiber diameter (2 r) are measured post-test and pre-test, respectively. The fibers are compressed at nominal strain rates (velocity divided by original fiber diameter) of 90,000 1/s and the corresponding particles velocities around 1.50 m/s. A more detailed explanation of the experimental set up is given in. 10 In this study, damage due to TC is induced at high strain rates. It should be noted that the degradation of tensile failure due to TC may be strain rate dependent, which needs to be further investigated in the future.
Single fibers mounted on a window frame template ( Figure 3(c) ) are carefully positioned between the incident and transmitted bars. The window frame template is designed in a laser cutter such that the compressed fibers in the frame can be directly used in the tension tests. A total of 35 HSR transverse compression experiments are conducted. The compressed single fibers are then tested in quasi-static (QS) tension in a Psylotech nTS (Psylotech Inc., IL) single-fiber testing apparatus, as shown in Figure 3 (b). A direct gripping method between polycarbonate blocks is utilized as described in Sanborn et al. 16 A gage length of 10 mm and a strain rate of 0.001 1/s is applied for all the tests. Figure 4 (a) shows the HSR nominal stress-strain curves for transverse compression. Nominal stress is defined as ¼
where f is the compressive load per unit length (L) and d is the original undeformed fiber diameter. The length of the compressed fiber (L) is the same as the diameter of the transmitted bar (0.283 mm). The TC response is nonlinear and inelastic with negligible strain recovery upon unloading. The average strain rate and maximum nominal strain for the fibers tested are 82,100 1/s and 77% respectively. Figure 4 (c) shows microscope image of a compressed fiber at 76% maximum applied nominal strain. It should be noted that the ends of the compressed zone transition into the undeformed fiber diameter, likely resulting in non-uniform loading at these transitions. Figure 4 (b) shows representative stress-strain curves of QS tensile tests conducted on transversely compressed fibers. It should be noted that after HSR TC the apparent compressed cross-sectional area remains approximately constant. Therefore, tensile strength is estimated using the original fiber cross-sectional area. Average tensile strength is compared with strength values of uncompressed Dyneema Õ SK76 fibers at identical gage lengths as determined in Sanborn et al. 16 Figure 5(a) compares mean strength between groups with 95% confidence intervals based on standard deviations. Confidence intervals between compressed and uncompressed groups at similar strain rates do not overlap, indicating a significant decrease in strength due to transverse compression. Analysis of variance (ANOVA) with a post-hoc Tukey test provided confirmation that decrease in strength is approximately 19.6 AE 3.6% at 77% applied nominal HSR transverse compressive strains. It is hypothesized that the reduction in tensile strength is due to the fibril damage at the nanoscale and fibril reorientation caused by transverse compression. Fibrillation under transverse compression has been visualized by McDaniel et al. 14 using Atomic Force Microscopy. Fibers are found to fail in the gage section and exhibit fibrillation upon tensile failure. The fibrillation made it difficult to determine whether the failure occurred within the transversely deformed region. A statistical analysis using the Weibull model indicates a reduction in the scale parameter from 3.78 GPa to 3.04 GPa while the Weibull modulus is not greatly affected, as shown in Figure 5 (b). It should be noted that the results reported by Golovin and Phoenix 9 indicate a reduction in Dyneema Õ SK76 fiber tensile strength of 23% and 5%, respectively, due to hand and machine roll quasi-static transverse deformation of single fibers.
Attwood et al. 21 report 340 MPa as the axial compressive stress at which kinking occurs in SK76 fibers through recoil tests. Chowdhury et al. 18 showed a 12% reduction in the tensile strength of perfect polyethylene structure subjected to 25% AC at the nanometer length scale through an all-atoms molecular dynamics simulations. Since the AC strains predicted by the models discussed next are much lower, the effect of AC on residual tensile strength is not considered in this article. For the effect of TS, Hudspeth et al. 15 report reduction in the tensile strength of fibers subjected to torsional shear deformation through experimental testing. They developed a biaxial failure surface criterion ( Figure 5(c) ) where no reduction in tensile strength up to 1 GPa of shear stress and 97% reduction in tensile strength at 1.9 GPa shear stress. The reduction in tensile failure strain due to TC (1-TCr ¼ 1-19% ¼ 0.81) is derived from the reduction in the scale parameter from 3.78 GPa to 3.04 GPa, as discussed above. The effect of TC and TS are incorporated in the failure criterion (equation (1)) and applied in the models discussed next. 
Modeling multiaxial transverse loading Positioning model
Hudspeth et al. 12 report positioning the fiber at various start angles, start , by adjusting the grips horizontally and using a slack-start procedure to minimize fiber pretension. A positioning simulation is first conducted using the half symmetric model shown in Figure 6 (a) to position the fiber at the start angles start corresponding to the experiments. For round and FSP loading, the single fiber model is constructed using 336 reduced integration 3D solid elements in the cross section with a mesh size of 1.1 mm along the length. This discretization is determined through a mesh convergence study to accurately capture the single fiber transverse compression response under large compressive strains.
14 For razor blade loading, the fiber model is refined and consists of 1200 3D elements in the cross section with a mesh size of 0.20 mm along the length. The fiber is placed horizontally and perpendicular ( start ¼ 0 ) to the projectile motion with the far end free to move in the horizontal direction to mimic the experimental positioning of the fiber and constrained in other directions. The projectiles are modeled as rigid materials. A prescribed constant velocity is applied to the projectile in the vertical upward direction. An automatic surface to surface soft constraint contact formulation with a coefficient of friction of 0.20 is used for contact between the fiber and the projectile. The projectile-fiber contact results in the fiber far end to move inward towards the mid span with start increasing from 0 . The configuration of the desired start angle is obtained by measuring the start from the simulation output states as shown in Figure 6 (b). The positioning simulations are conducted using the implicit FE solver in the commercial FE code LS-DYNA.
Positioning induces bending of the fiber around the geometry of the projectile with desired start angles. An example is shown for the FSP in Figure 6(b) . While the net axial stresses remain negligible, the maximum axial compressive stresses in the fiber increase with increasing start angles as the fiber follows the indenter curvature within the contact area. A maximum axial compressive stress of 243 MPa is predicted for the round projectile at 50
. For FSP, compressive stress of 448 MPa and 622 MPa is predicted for start angles 41 and 51
respectively. For the razor projectile, maximum axial compressive stress is 5.80 GPa (at 12 start angle) under the projectile-fiber contact due to the sharp radius of the curvature. The magnitudes of axial compressive stresses suggest compressive kinking of the fiber may occur during razor positioning and FSP positioning at 41 and 51 . It should be noted that the razor positioning model is numerically unstable at start angles higher than 12 due to reduced integration elements hourglassing issues.
The deformed configuration at the desired start angle obtained from the positioning simulation, with the far end fixed in all directions, is now used to transversely load the fiber to failure. The fiber is modeled as a transversely isotropic material (Table 1 22 ) with an inelastic transverse compressive behavior using the validated user defined material (UMAT) reported in Sockalingam et al. 23 It should be noted that Dyneema SK76 fibers exhibit nonlinear inelastic behavior in transverse compression with a small transverse elastic limit of 2% strain 14 with an initial yield stress of 20 MPa. The yield stress-effective plastic strain required as input to the UMAT is shown in Figure 6 (c) (compression shown positive). The fiber is monotonically loaded until the experimentally measured average far field strain at a given failure angle fail is attained.
Round projectile transverse loading
The round projectile radius (3.8 mm) is much higher than the fiber diameter (17.0 mm), as shown in Figure 7 (a), and hence there is no axial strain (stress) concentration in the fiber including the projectile-fiber contact area. The SCF is approximately equal to 1.0, as shown in Figure 7 (b) for fail ¼ 33 . This implies that there is an equal probability of failure anywhere within the 550 mm gage length and is consistent with experimental observations reported in Hudspeth et al. 12 Therefore, failure strain of 3.54% corresponding to L c ¼ 550 mm is used in the failure criterion (equation (1)). Furthermore, the model predicts other deformation modes including AC, TC and TS in the fiber are negligible at all loading angles. Therefore, plugging in ACr ¼ TCr ¼ TSr ¼ 0 in equation (1), the average failure strain can be predicted as a function of the failure angle and is shown in Figure 7 (c).
FSP projectile transverse loading
The corner radius of the FSP (20.0 mm) is of the order of the fiber diameter (17.0 mm) and the transverse displacements involved are large compared with the fiber diameter, resulting in significant inelastic nonlinear deformation of the cross section while exhibiting linear elastic response in the fiber direction. Experiments show a reduction in the far-field strains at failure with increasing angle (see Figure 1(c) ) indicating the effect of multiaxial loading. An example of the evolution of strains at the location of failure under the projectile-fiber contact is shown in Figure 8 (a) for fail ¼ 32 . The inner surface of the fiber contacted by the FSP is initially under AC, whereas the outer surface is in axial tension. The maximum AC occurs early on in the loading history. For example, for fail ¼ 32 , a maximum axial compressive strain of 3.8% occurs at an applied 0.54% average tensile strain as shown in Figure 8 (a) (compressive strains shown positive). The radius over which the AC occurs is approximately equal to the corner radius of the FSP of 20 mm. The axial compressive strains decrease as the fiber is loaded to a higher load levels in membrane tension. The axial tensile strain in the contact area monotonically increases, achieving a level of 5.4% at the applied failure strain of 2.44%. Figure 8 (a) also shows the evolution of SCF (2.2) up to failure for this particular failure angle. The contact length, over which strain concentration occurs, upon reaching the experimental global average failure strain is approximately 20 mm, as shown in Figure 8 (b). At this gage length, " 3 (L c ) ¼ 6.33% extrapolated from the Weibull model (see Figure 2) . The maximum axial tensile strains on the outer surface of the fiber remain approximately constant for all angles of loading (Figure 8(c) ) whereas the experimental average failure strains decrease with increasing angle. The maximum axial tensile strains over the projectile-fiber contact are much higher than the experimentally measured average far-field strains as shown by the SCF in Figure 8(c) . The SCF increases with increase in failure angles with a maximum of 2.62 at the highest angle.
In addition to axial tension and axial compression, the fiber is subjected to TC and TS under the corner radius of the projectile, as shown in Figure 9 for fail ¼ 18
. As seen from Figure 9 (a), the fiber undergoes block-like throughthickness compression. A gradient exists in the fiber cross section with an average true transverse compressive strain of 70% (nominal strain 40%) 14 at failure. The nominal TC strains under the contact is approximately 40% for all failure angles as shown in Figure 9 (b). The maximum engineering TS strains are relatively small for FSP for all angles (approximately 12%) as shown in Figure 9 (b). The magnitudes of these transverse compressive strains are high enough to cause fibrillation of the fiber and reduce the tensile strain to failure of the fiber segment within the contact region. It should be noted that TCr ¼ 0.19 (from Figure 5 ) at 77% nominal TC strains would result in a conservative prediction of the failure. Using ACr ¼ 0, TCr ¼ 0.19, TSr ¼ 0 in equation (1), failure criterion is shown in Figure 10 (a). Failure criterion is applied incrementally due to the nonlinearity associated with the inelastic transverse behavior, changing contact area and reduction factors. Fiber failure occurs when the failure criterion equals unity. Failure is somewhat underpredicted by the model (Figure 10(c) ), which is attributed to the higher TCr used. Nevertheless, failure predictions are in reasonable agreement with the experimental measurements, as shown in Figure 10 (c). It should be noted that that this failure criterion is developed for Kevlar KM2 fibers 1 and these results indicate its applicability to the Dyneema Õ SK76 fibers.
Razor projectile transverse loading
Due to the numerical difficulty in the positioning model at higher angles, results are shown only for fail ¼ 13 . The evolution of maximum axial tensile and axial compressive strains, and SCF for fail ¼ 13 are shown in Figure 11 (a). The contact length (L c ) over which strain concentration occurs is approximately 3 mm. At this gage length, " 3 (L c ) ¼ 7.73% extrapolated from the Weibull model (see Figure 2) . The maximum axial tensile strains over the projectile-fiber contact are much higher than the experimental average strains with SCF of around 6, as shown in Figure 11(a) . The fiber experiences significantly high TS under the sharp razor blade (i.e. 2 mm radius of curvature), as shown in Figure 11 (b) with stresses approaching 1.7 GPa in the contact area at an applied average failure strain of 1.04%. At this level, 45% reduction (1 -TSr ¼ 1-0.45 ¼ 0.55) in tensile strength is obtained from the biaxial failure surface criterion ( Figure 5(c) ) in Hudspeth et al. 15 A high degree of TS correlates well with the experimental fracture surface of through-thickness shear. 12 The average nominal transverse compressive strain is approximately 40% (1 -TCr ¼ 1 -0.19 ¼ 0.81). In combination, a 65% reduction in strain to failure is predicted. It should be noted that TS experiments induce shear in the 32 plane while razor loading induces cutting shear in the 31 plane. It is assumed that TS properties in 31
and 32 are same due to the transverse isotropy. In comparison with the FSP, the degree of multiaxial loading is much higher due to the reduced contact area. Failure criterion plotted against the applied average axial strain is shown in Figure 10(b) . Furthermore, failure is predicted to occur under the projectile-fiber contact consistent with experimental observations for the FSP and razor projectiles. Fiber failure and its implications during impact are discussed next.
Discussion
The failure criterion (equation (1)) assumes Weibull scaling of strength from 10 mm to 20 mm and 3 mm is valid. Virgin fiber strength scaling significantly increases strain to failure from 3.54% (550 mm) to 6.33% (20 mm) and 7.73% (3 mm). Failure predictions based on virgin properties provide an upper bound for the failure strains. In the case of the FSP, model predictions using these strains in the failure criterion overestimate the experimental average far-field strain results by only 12%. This confirms that Weibull scaling is required to predict failure at these lower length scales where failure strains double in magnitude approaching the failure strains calculated from molecular dynamics. In the case of the razor blade, the model predictions using virgin fiber failure strain scaling at 3 mm overestimate the experimental average far-field strain by 65%, indicating the importance of incorporating the effects of multiaxial loading within the contact region on the fiber damage that reduces the strain to failure of the virgin fiber (i.e. reduction factors TC, TS and AC).
The reduction factors used in our failure criterion are obtained from independent experiments at higher length scales (TC is 19% based on compressed fiber length of 0.283 mm, TS of 45% induces surface cracks in the fiber over a gage length of 5 mm). We have assumed the reduction factors are constant for all length scales. Hence the scaled virgin strain to failure of the fibers presented in Figure 2 shifts vertically downward by the product of the reduction factors (equation (1)) established for each projectile-fiber contact length. The experimentally measured average failure strain for FSP decreases on average by 12% at different failure angles for compressed fiber lengths within the contact area of 20 mm. Similarly, experimentally measured average failure strain reduction for razor is 65% within the contact area of 2 mm, and is comparable to the reduction factor (65%) due to combined effects of TS and TC measured in the millimeter range. Therefore, our assumption that the reduction factors due to TC, TS is constant for all length scales in our continuum model is reasonable.
This study has demonstrated the importance of measuring axial strain to failure at micron-scale gage lengths to achieve accurate failure predictions. Development of new test methods for measuring strength at micron-scale gage length is needed. One possibility is to combine the experimental method developed by Hudspeth et al 10 with the methodology presented in this article for a wide range of projectile geometries and start angles (i.e. vary the contact area and level of TC, TS and AC) to establish the scaling laws for failure strain incorporating reduction factors down to small contact lengths.
However, the mechanism of reduction in the tensile strain to failure due to TC and TS is more complex due to the fibrillar network structure of the fibers. Fibrils are the primary load carrying members and fibrillation, which is splitting of fibers along its axis, is observed as the main failure mode in these fibers in longitudinal tension. The origin of the microfibrils is the shish (extended chain crystals)-kebab (folded chain crystals) structure where the kebabs are transformed into shish at higher draw ratios during processing. The microfibrils are suggested to be connected by weak tie-chain molecules and van der Waals type forces. 24 These interfibrillar interactions are thought to play an important role in tensile load transfer within the fiber. The gradient in the stress distribution within the projectile-fiber contact suggests progressive failure of fibrils during multiaxial loading. Further investigation using a fibril-scale model 25 is required to better understand the fiber failure.
Implications for impact: Predicting ballistic impact requires accurately predicting fiber failure. The experimental breaking speed measurements of UHMWPE yarns 11, 26, 27 are significantly lower than the predictions using classical Smith theory (equation (4)). For example, at 3.54% failure strain V br,theory ¼ 1206 m/s whereas experimental breaking speeds for FSP and razor projectiles are in the range of 450 to 690 m/s and 190 to 315 m/s respectively. 11 The range in breaking speeds are due to the progressive fiber failure within the yarn. The fibers within a yarn during impact are also subjected to axial tension and multiaxial loading TC, TS and, AC over small length scales.
The failure strain in equation (4) is modified to account for the gage length, multiaxial loading and dynamic strain concentration effects according to equation (6) . It should be noted that the dynamic SCF during transverse impact are higher than their static counterparts by two-fold as shown by the single fiber impact models. 7 The average SCF over all the angles of quasi-static FSP loading is 2.2 (see Figure 8(c) ). Dynamic SCF is taken to be twice this quasi-static average. Similarly, the dynamic SCF for razor projectile is taken as twice the SCF (6.3) of quasi-static (see Figure 11 (a)) razor loading. The failure within a yarn is complicated due to the progressive failure of fibers with dynamic evolution of contact length over which strain concentration occurs. 28 
Conclusions
This article studied the failure Dyneema Õ SK76 single fibers subjected to multiaxial transverse loading by different projectile geometries. A 3D FE model is developed to predict the stress states under the projectile-fiber contact. A failure criterion based on maximum axial tensile strain accounting for the gage length and multiaxial loading degradation effects is applied to predict fiber failure. For a round projectile loading, the models predicted negligible strain concentration and negligible tensile strength degradation due to multiaxial loading effects consistent with experimental observations of fibrillated failure surfaces at all angles of loading. For the FSP and razor projectile loading, models predict a strain concentration and a gradient of axial and transverse strains in the fiber under the projectilefiber contact. A maximum SCF of 2.3 and 6.3 is predicted for FSP and razor loading, respectively. The contact length (gage length) varies from 550 mm for the round projectile to 20 mm for FSP and to 3 mm for razor loading. Failure is predicted to occur under the projectile-fiber contact for both FSP and razor consistent with experimental observations. The average failure strains predicted by the failure criterion are found to agree reasonably well with the experimental results. This suggests that the failure criterion developed for Kevlar KM2 fibers 1 may be applied to Dyneema Õ SK76 fibers. These results also suggest likely Weibull scaling of the strength at the micronscale gage length for this fiber.
